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            Abstract
Topological domains in ferroelectrics1,2,3,4,5 have received much attention recently owing to their novel functionalities and potential applications6,7 in electronic devices. So far, however, such topological polar structures have been observed only in superlattices grown on oxide substrates, which limits their applications in silicon-based electronics. Here we report the realization of room-temperature skyrmion-like polar nanodomains in lead titanate/strontium titanate bilayers transferred onto silicon. Moreover, an external electric field can reversibly switch these nanodomains into the other type of polar texture, which substantially modifies their resistive behaviours. The polar-configuration-modulated resistance is ascribed to the distinct band bending and charge carrier distribution in the core of the two types of polar texture. The integration of high-density (more than 200â€‰gigabits per square inch) switchable skyrmion-like polar nanodomains on silicon may enable non-volatile memory applications using topological polar structures in oxides.
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                    Fig. 1: High-density polar nanodomains in a PTO20/STO10 bilayer from PFM measurements.[image: ]


Fig. 2: Polarization mapping of polar nanodomains in a PTO20/STO10 bilayer by vector PFM and 4D STEM.[image: ]


Fig. 3: Effective Hamiltonian model simulations of skyrmion-like nanodomains in PTO/STO bilayers.[image: ]


Fig. 4: Resistive behaviours of the polar nanodomains integrated on silicon.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Growth and transfer of freestanding PTO/STO bilayers.
a, Schematic illustration of the process of heterostructure growth and membrane lift-off. The PTO/STO heterostructure is first grown on TiO2-terminated (001) STO substrates with a SAO water-soluble sacrificial layer (left) and then the bilayer is attached to a supporting polymer and released from the substrate by dissolving away the SAO layer by water (middle). Finally, the bilayer is transferred onto the desired substrate (right). b, The Reflection High Energy Electron Diffraction (RHEED) patterns for as-grown PTO(16 u.c.)/STO(10 u.c.)/SAO(6 u.c.) film on (001) STO substrate. c, Atomic force microscopy characterization of (001) STO substrate (left) and as-grown films (right) showing an atomically smooth surface with unit cell step terraces. Scale bar, 1â€‰Âµm. d, Low-magnification planar-view HADDF image of the freestanding (PbTiO3)20/(SrTiO3)10 bilayer transferred to a holey carbon TEM grid and selected area electron diffraction (SAED) taken along [001] zone axis (inset), showing the single-crystal structure of the bilayer. Scale bar, 1â€‰Âµm.


Extended Data Fig. 2 Simulation of vector fields for two distinct divergent domains.
a, Simulation of vector fields for a quad divergent domain. b, Simulation of vector fields for a skyrmion-like bubble domain. c, Calculation of the divergence from vector PFM image.


Extended Data Fig. 3 Direct visualization of topological polar textures by vector piezoelectric force microscope (PFM).
a, Schematic of angle-resolved lateral PFM. In-plane (IP) PFM real part signal was collected experimentally as a function of tip orientation angle Ï† and then the amplitude and the phase delay were determined by trigonometric curve fitting, i.e. A and Î¸ in Acos(Ï†-Î¸+Ï€/2). Piezoresponse vector field can be constructed by finding IP vector components (AcosÎ¸, AsinÎ¸) as a function of position. b, IP piezoresponse vector map for a centre-divergent domain showing the centre-divergent nanodomain. c, The trigonometric curve fitting for four representative points that are denoted as red spots in b.


Extended Data Fig. 4 Characterization of a centre-convergent type nanodomain.
a, Polarization mapping by 4D-STEM. b, The projected electric field calculated from the (000) diffraction peak. c, The projected charge density calculated from the electric field based on Gaussâ€™s law. Scale bar, 5â€‰nm. d, Atomically resolved plane-view HADDF-STEM image of the PTO20/STO10 bilayer. Scale bar, 2â€‰nm. e, The PACBED pattern extracted from the region of the centre-convergent domain shown in aâ€“c.


Extended Data Fig. 5 Spatial resolution in PFM.
a, i) SEM image of an unused spherelike PFM tip. Scale bar, 500â€‰nm. ii) The radius r of the contact circle for a weak indentation (h ~ 1â€“2â€‰nm) is used to characterize the radius r of the tip. Scale bar, 50â€‰nm. b, Electric field distribution at the tip simulated by finite element modelling (FEM). Labels near the curves designate potential values. Scale bar, 10â€‰nm. c, Schematic image of the PFM tip scanning across a nanodomain. The measured size is proportional to the tip radius.


Extended Data Fig. 6 Topological characterization of the centre-divergent domains and interfacial skyrmion-like nanodomain (polar Bobber) obtained computationally (via the effective Hamiltonian).
a, (001)-plane resolved polar structure of the centre divergent domains in the vicinity of the STO/PTO interface. The first, second and third PTO layers counting from the interface are indicated with labels zâ€‰=â€‰1,2, and 3, respectively. b, The in-plane projected polar structure superimposed with the distribution of the Pontryagin topological charge density. The arrows correspond to the in-plane-projected dipoles coloured according to their out-of-plane component; red and purple colours correspond to [001] and [00â€“1] oriented dipoles, respectively. c, Dependence of the interpolated polar angle Î¸ between the local dipole and [001] axis on the distance R from the central axis of the domain. d, The dependence of the interpolated Pontryagin charge density \({\rho }_{{Sk}}\) on the distance R from the central axis of the domain. e, The plane-resolved Skyrmion number of a single centre-divergent domain as a function of the distance from the domain centre. f, Schematic illustration of the topology of centre-divergent domains (left). Each zâ€‰â‰¥â€‰2 cross section of the domain reveals a 2D NÃ©el skyrmion-like structure characterized by an integer Skyrmion number. The domain tip at the PTO/STO interface pins an anti-hedgehog-like Bloch point.


Extended Data Fig. 7 Simulated dipolar structure of the centre-convergent domains.
a, The [100]â€“[001] cross-section of the simulated centre-divergent domain (NÃ©el skyrmion). b, Artificially prepared partially switched dipolar configuration. c, Cross-section of the relaxed dipolar structure of the centre-convergent domain (submerged NÃ©el bubble). d, Above and below the bubble (grey circle), the local dipoles are inclined (yellow arrows) towards and away from the central revolution axis (grey line), respectively. Red (purple) arrows indicate the polarization within (above) the bubble at its axis. e, The in-plane distribution of the thickness-averaged polarization. f, In-plane projection of the thickness averaged polarization.


Extended Data Fig. 8 Thickness dependence of the polar texture in PTOn/STO10 (nâ€‰=â€‰12, 16, 20) bilayers transferred on silicon and crystal structures of pure freestanding PTO and PTO/STO bilayer.
The surface morphology, in-plane PFM amplitude and phase images of (a) nâ€‰=â€‰20, (b) nâ€‰=â€‰16, (c) nâ€‰=â€‰12 bilayer films. Only the 20 u.c. PTO/10 u.c. STO shows circular shape polar textures. Scale bar, 30â€‰nm. X-ray diffraction 2Î¸-Ï‰ scans around (002) (left) and (101) (right) diffraction peaks for (d) freestanding 20 u.c. PTO film and (e) freestanding (PbTiO3)20/(SrTiO3)10 bilayer. Schematic images showing the crystal structures of (f) freestanding 20 u.c. PTO film and (g) freestanding (PbTiO3)20/(SrTiO3)10 bilayer.


Extended Data Fig. 9 Reversible switching of topological nanodomains.
a, Schematic images illustrating the reversible switching of the topological domains by external electric field: The coexistence of two types of nanodomains in pristine bilayer (i) were first switched into all centre-divergent nanodomains by a scan with +5â€‰V bias voltage (ii) and then further switched to all centre-convergent nanodomains by a scan with âˆ’5â€‰V bias voltage (iii). bâ€“d, Vertical PFM amplitude (VPFM-amp.), vertical phase (VPFM-pha.), lateral PFM amplitude (LPFM-amp.) and lateral phase (LPFM-pha.) images for three corresponding cases shown in (a). The centre-divergent (centre-convergent) domains are marked by red (blue) circles. Scale bar, 100â€‰nm. e, VPFM-amp. (upper left), VPFM-pha. (bottom left), LPFM-amp. (upper right) and LPFM-pha. (bottom right) images taken under an a.c. amplitude of 500â€‰mV for one single skyrmion-like polar nanodomain after applying the 0â€‰V, âˆ’1â€‰V, âˆ’4â€‰V, âˆ’2â€‰V, +1 V and +4â€‰V DC voltage. Scale bar, 20â€‰nm. f, Hysteresis loop of the skyrmion-like polar nanodomain.


Extended Data Fig. 10 Domain structures and switching behaviour in a PTO/STO bilayer transferred on a P-doped silicon wafer after a standard electron beam lithography process.
a, Schematic images showing standard lithography process on the ferroelectric bilayer transferred on a P-doped silicon wafer. b, Quadrate patterns on a P-doped silicon wafer, inset shows the topography of a single piece. Scale bar, 10â€‰Î¼m. c, Vertical PFM amplitude (VPFM-amp.) and phase (VPFM-pha.), lateral PFM amplitude (LPFM-amp.) and phase (LPFM-pha.) images for the freestanding PTO20/STO10 bilayers transferred on P-doped silicon substrate. Scale bar, 100â€‰nm.
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